The current pandemic El Tor biotype of O1 Vibrio cholerae is resistant to polymyxins, whereas the previous pandemic strain of the classical biotype is polymyxin sensitive. The almEFG operon found in El Tor V. cholerae confers >100-fold resistance to polymyxins through the glycylation of lipopolysaccharide. Here, we present the mechanistic determination of initial steps in the AlmEFG pathway. We verify that AlmF is an aminoacyl carrier protein and identify AlmE as the enzyme required to activate AlmF as a functional carrier protein. A combination of structural information and activity assays was used to identify a pair of active site residues that are important for mediating AlmE glycine specificity. Overall, the structure of AlmE in complex with its glycyladenylate intermediate reveals that AlmE is related to Gram-positive D-alanine/D-alanyl carrier protein ligase, while the trio of proteins in the AlmEFG system forms a chemical pathway that resembles the division of labor in nonribosomal peptide synthetases. C linical use of polymyxins has emerged as the antibacterial strategy of last resort for infections with multidrug resistant Gram-negative bacteria such as Acinetobacter baumanii, Pseudomonas aeruginosa, Klebsiella spp., and E. coli spp.
C linical use of polymyxins has emerged as the antibacterial strategy of last resort for infections with multidrug resistant Gram-negative bacteria such as Acinetobacter baumanii, Pseudomonas aeruginosa, Klebsiella spp., and E. coli spp. 1−3 Polymyxins are cationic antimicrobial peptides (CAMPs) comprising a cationic/hydrophobic cyclic decapeptide linked to a fatty acyl chain. Like host defensins, CAMPs disrupt the Gram-negative cell envelope by associating with the anionic lipid A membrane anchor of the major cell-surface molecule lipopolysaccharide (LPS) as well as acidic glycerophospholipids. 3 Detergent-like aggregates of membrane-bound polymyxins form pores in the associated membrane, disrupting vital bacterial processes. 3 Accumulating evidence suggests that many bacteria have evolved elegant resistance strategies toward polymyxins and related families of CAMPs. 3, 4 For this reason, a comprehensive understanding of the molecular basis for resistance to CAMPs is paramount in designing new, or modifying current, antibiotics and in developing improved clinical regimens with existing drugs.
In general, to evade CAMP-mediated killing, Gram-negative and Gram-positive bacteria have evolved similar strategies to neutralize the net negative charge of major cell-surface molecules. Phosphatidylglycerols aminoacylated with L-lysine, L-alanine, or D-alanine were recently discovered and confer resistance toward CAMPs in a few species of both Gram-type bacteria (e.g., Staphylococcus aureus and P. aeruginosa). 5 Grampositive bacteria commonly neutralize their cell walls by transferring D-alanine to surface teichoic acids, the long poly phosphoribitol or poly phosphoglycerol chains linked to the glycerophospholipids or N-acetylmuramic acid groups of peptidoglycan; 6 Gram-negative bacteria do so by transferring phosphoethanolamine or aminoarabinose to phosphate groups on the lipid A domain of LPS. 7, 8 Unexpectedly, we observed aminoacyl esterification of glycine or diglycine to lipid A of the Gram-negative pathogen Vibrio cholerae. 9 Lipid A glycylation is a unique Gram-negative strategy necessary for resistance to CAMPs, which resembles the Gram-positive method of modifying teichoic acids with D-alanine. Unlike the O1 classical biotype of V. cholerae, which caused the first six cholera pandemics, the O1 El Tor biotype responsible for the most recent pandemic is resistant to polymyxin B. 10 El Tor strains are responsible for the majority of 3−5 million cases and 100,000−120,000 deaths associated with V. cholerae infection every year (World Health Organization). AlmE (Vc1579), AlmF (Vc1578), and AlmG (Vc1577) were identified by our laboratory as three gene products required for polymyxin B resistance in El Tor biotype V. cholerae O1. 9 Together, these enzymes orchestrate the modification of V. cholerae lipid A with glycine or diglycine ( Figure 1 ). According to our proposed model, AlmE activates glycine through adenylation and then transfers it to the 4′-phosphopantetheine group of the carrier protein AlmF. AlmG then transfers the glycine substrate from the carrier AlmF to the lipid A anchor. A unique hydroxylauryl chain observed in the lipid A species from El Tor biotype V. cholerae serves as the site of glycine addition, 11 making AlmEFG the only known lipid A charge remodeling system that does not involve direct transfer to the 1-or 4′-phosphate groups of lipid A. Notably, the classical biotype V. cholerae, which does not attach glycine to lipid A and is thus polymyxin-sensitive, encodes a truncated AlmF lacking the predicted phosphopantetheinylation site necessary for its proposed carrier protein functionality. 9 A pair of studies has revealed that the AlmEFG pathway is important during early stages of infection and initial host colonization by V. cholerae. 12, 13 In V. cholerae isolated from infant mouse small intestine, the mRNA transcript of the almEFG operon is upregulated >10-fold. 13 Moreover, microarray-based comparative gene expression analysis showed a 3.2-fold increase (p-value 1.6 × 10 ) in AlmE levels between earlyand late-stage infections of humans by V. cholerae. 12 In that report, AlmE was 1 of 42 statistically significant, differentially regulated genes to be identified. As evidence accumulates to demonstrate the importance of the AlmEFG system during infection, detailed mechanistic studies of AlmEFG have the potential to inform further research on therapeutic drugs and vaccines targeting V. cholerae infections.
Here, we present the first detailed molecular mechanism of lipid A glycylation in V. cholerae. Mass spectrometry data verify that AlmF is a bona f ide glycyl carrier protein and that moreover AlmE can transfer glycine to its 4′-phosphopantetheine group. In vitro characterization of AlmE reveals that it also accepts D-alanine, albeit with reduced activity compared to that of glycine. To further investigate this surprising result, we determined the X-ray structure of AlmE in complex with a glycyl-adenylate intermediate at 2.26-Å resolution. Visualizing the active site of AlmE allowed us to rationally design a singleresidue mutant capable of efficiently activating and transferring L-alanine to AlmF. However, in vivo evidence suggests that Lalanyl-AlmF is not a suitable substrate for AlmG, indicating that the AlmEFG pathway is strictly specific toward glycine. Selection of glycine as the group AlmEFG adds to lipid A likely balances deleterious effects larger amino acids would have on membrane packing while providing sufficient electropositive density to effectively resist CAMPs. Our findings provide molecular insight into a complex mechanism of CAMP resistance that incorporates preexisting chemistry, commonly found in nonribosomal peptide synthetases, into new biosynthetic pathways. Proposed model for the lipid A glycylation pathway in V. cholerae. AlmE (Vc1579) generates glycyl-AMP and pyrophosphate from glycine and ATP. Glycine is then ligated onto carrier protein holo-AlmF (Vc1578) with concomitant release of AMP. Holo-AlmF is generated after the 4′-phosphopantetheinyl (Ppant) moiety of coenzyme A is transferred onto apo-AlmF by the phosphopantetheinyltransferase. At the inner membrane, glycyl-AlmF serves as the aminoacyl donor to AlmG (Vc1577), which esterifies glycine onto the secondary hydroxylauryl acyl chain of V. cholerae hexa-acylated lipid A. Glycine-modified lipid A is then transported to the bacterial surface to provide resistance against antimicrobial peptides such as polymyxin.
■ RESULTS AND DISCUSSION
AlmF Is Phosphopantetheinylated by Vc2457. Homology-based structural data obtained from the Phyre2 server suggest that AlmF forms the same three-helix architecture observed in carrier proteins such as the Gram-positive D-alanyl carrier protein DltC, and harbors a conserved, nucleophilic serine residue at the N-terminal end of helix 2 ( Figure S1 , Supporting Information).
14 This serine residue is post-translationally modified with 4′-phosphopantetheine (Ppant), a thiolcontaining prosthetic group that allows this class of proteins to shuttle substrate molecules as covalently attached thioesters. 14 A phosphopantetheinyltransferase appends the Ppant moiety from coenzyme A directly onto the carrier protein serine residue. 15 Bacteria encode at least two phosphopantetheinyltransferases: one activates acyl carrier proteins (e.g., AcpS) necessary for primary metabolic reactions such as fatty acid biosynthesis, and another activates carrier proteins of the biosynthetic pathways producing secondary metabolites such as polyketide and nonribosomal peptide antibiotics.
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To determine if AlmF is a bona f ide carrier protein, AlmF was coexpressed with either predicted phosphopantetheinyltransferase of V. cholerae, Vc2457 or Vc0780, and subsequently purified and examined for phosphopantetheinylation. To obtain quantities of AlmF suitable for analysis, proteins were overexpressed in E. coli BL21(DE3)pLysS using the pQlink system and purified by a two-step protocol, yielding >95% pure AlmF as evaluated by sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) ( Figure S2 , Supporting Information). To assess phosphopantetheinylation, purified "Ppant-modified" (holo-) and "unmodified" (apo-) carrier proteins, were resolved on a nondenaturing, destabilizingurea-PAGE gel. 17−19 AlmF coexpressed with Vc2457 displayed a migration shift consistent with Ppant-addition, compared to that with AlmF expressed alone or coexpressed with Vc0780 ( Figure S3 , Supporting Information). E. coli strains expressing AlmF alone yielded a band consistent with the predicted migration of holo-AlmF only after supplementing the media with millimolar concentrations of pantothenate ( Figure S4 , Supporting Information; <50% conversion), consistent with the nonspecific activity of E. coli AcpS on increased coenzyme A substrate pools ( Figure S4 , Supporting Information 20 ). AlmF appears completely phosphopantetheinylated when coexpressed with V. cholerae AcpS (Vc2457) without pantothenate supplementation ( Figures S3 and S4 , Supporting Information).
Unequivocal determination of AlmF Ppant-modification was assessed by liquid chromatography−tandem mass spectrometry (LC-MS/MS) of trypsin-digested AlmF. Digests of unmodified (apo-AlmF; expressed alone) or Ppant-modified (holo-AlmF; coexpressed with Vc2457) AlmF were analyzed using the same purified AlmF material assessed by destabilizing urea-PAGE ( Figures S3 and S4 , Supporting Information). Three key peptides, each covering the first 41 amino acids of AlmF, were identified from LC-MS/MS analysis ( Figure S5 , Supporting Information). The AlmF peptide (FFDEFDSFSFIDIVAK) containing the proposed site of modification, Ser34, eluted around 20 min in the apo-AlmF sample, whereas the same Ser34-containing peptide eluted 2 min later in the holo-AlmF sample, consistent with Ppant-addition ( Figure S5 , Supporting Information; m/z shift of 114 for the [M+3H + ] 3+ peptide). An increase in overall hydrophobicity is expected upon Ppantaddition, consistent with the delayed elution of the holo-AlmF peptide. The electrospray ionization mass spectrum of the holo- (Figure 2 , middle spectrum). Generation of Pant and Ppant product ions during MS/MS analysis of other Ppant-modified proteins has been previously reported. 21 It should be noted that while Ser36 of AlmE could serve as the Ppant-modification site, the observed y-type product ions containing Ser36 were matched to their expected, unmodified masses and thus did not exhibit the incorporation of Ppant (Figure 2 , middle spectrum). Lowabundance y-type product ions (from y 10 up to y 15 ) that incorporated Ppant were also observed ( Figure S6 , Supporting Information), implicating Ser34 as the sole Ppant-modified site. Together with results from destabilizing urea-PAGE experiments, these findings convincingly support our structural homology-based prediction that AlmF is a Ppant-containing carrier protein.
Classical biotype O1 V. cholerae encodes a truncated version of AlmF that lacks the phosphopantetheinylation site required for carrier protein functionality. Thus, our biochemical determination that AlmF is a glycyl carrier protein provides a rationale for why classical biotype O1 V. cholerae does not add glycine to lipid A and exhibits polymyxin sensitivity. Why classical strains appear to have lost carrier protein functionality and thus CAMP resistance is intriguing. Expression data reported from other laboratories show that almEFG is upregulated during early stages of V. cholerae infection in human volunteers and mouse infection models. 12, 13 Improved CAMP resistance may have led to the emergence of El Tor over classical biotypes as the premier pandemic strain. However, the hypothesis that classical strains lost the ability to add glycine to the cell surface could mean that a modification of this type is detrimental to V. cholerae fitness under certain environmental conditions. Consistent with this hypothesis, our laboratory has recently discovered a two-component system responsible for regulating the AlmEFG system.
AlmE Adds Glycine to the AlmF Carrier Protein. To verify the role of AlmF as a glycyl carrier protein, we engineered holo-AlmF-producing E. coli strains to express AlmE, the predicted carrier protein ligase. Unexpectedly, destabilizing urea-PAGE revealed no apparent shift in the migration of holoAlmF when coexpressed with AlmE ( Figure S4 , Supporting Information). However, deeper analysis of this sample by the same LC-MS/MS protocols described above demonstrated that the Ppant-containing peptide was modified with glycine (m/z 775.8, z = 3, Figure 2 bottom spectra), and similarly, the glycylPant and glycyl-Ppant singly charged fragment ions showed the 57-Da increase expected from glycine addition (Figure 2 , bottom). The glycylated Ppant-containing peptide eluted 30 s earlier than the Ppant-containing peptide, consistent with the addition of a charged chemical moiety ( Figure S5 , Supporting Information). By comparing the peak areas from extracted ion chromatograms of the doubly charged Ppant-containing and glycylated Ppant-containing peptides (m/z 1134 vs m/z 1163), we estimate that no more than 5% of the total holo-AlmF pool was glycylated when purified from E. coli expressing AlmE ( Figure S7 , Supporting Information). Overexpression of AlmF alone yields relatively low protein levels (<1 mg/L of E. coli), suggesting that expression may be toxic in E. coli. Efficient glycylation may be impeded by other factors within E. coli, or conversely, another factor may be required for efficient glycylation of AlmF in V. cholerae. Because the V. cholerae biotype El Tor also contains lipid A modified with diglycine, we investigated whether holo-AlmF shuttles diglycine; however, our highly sensitive MS/MS protocols were unable to identify peaks associated with more than one glycine attached to AlmF ( Figure S7 , Supporting Information). As diglycine-modified lipid A is observed when isolated from V. cholerae biotype El Tor, it is likely that the terminal enzyme in the pathway, AlmG, can perform two rounds of glycylation. Dependent upon the El Tor strain, diglycine-modified lipid A can range from a minor to the most abundant lipid A species isolated. 9 Development of an assay for AlmG is currently underway in our laboratory. These results validate genetic and in silico predictions that AlmE activates glycine for transfer to the Ppant-containing carrier protein AlmF.
AlmE Has Relaxed Substrate Selectivity for Amino Acids Other than Glycine. To further explore the enzymology of AlmE, we developed a rapid in vitro assay that couples AlmE-catalyzed glycyl-AMP formation with indirect detection of pyrophosphate, the other AlmE reaction product (see Figure 1) . Pyrophosphatase was employed to convert pyrophosphate to phosphate, which was quantified using a spectrophotometric based malachite green assay. 22 In vitro AlmE assay conditions were optimized based on reports of previously characterized aminoacyl adenyltransferase/carrier protein ligases 23−25 (Supporting Information). Inclusion of purified holo-AlmF, compared to apo-AlmF, significantly stimulated activity as monitored by our pyrophosphatasecoupled assay ( Figure S8 , Supporting Information). Among a representative sampling of amino acids, glycine is the preferred substrate for adenylation; however, moderate activity (∼25− 30%) was observed when D-alanine was provided in AlmE reaction mixtures ( Figure 3A ). It should be noted that these assay conditions only monitor the ability to adenylate an amino acid and provide no information regarding subsequent ligation to holo-AlmF or other candidate acceptor substrates.
To more thoroughly monitor AlmE activity, we developed an alternative to the pyrophosphatase-coupled assay that could directly monitor the formation of 3 H-aminoacyl-AlmF. Reaction products were TCA-precipitated, resuspended, then separated by SDS−PAGE and transferred to a nitrocellulose membrane for radioisotope detection. Formation of 3 H-glycylAlmF is indicated by the presence of the 3 H-labeled protein band ( Figure 3B ), which is not observable when ATP or AlmE are omitted from assay mixtures ( Figure 3B ). We also tested other Figure 3B ). These data suggest that V. cholerae preferentially glycylates holo-AlmF, consistent with its mechanistic role in lipid A glycylation. Given the similarity of the active site to the D-alanine-specific enzyme DltA, it is not too surprising that AlmE showed some activity toward D-alanine. However, the activity seems to be restricted to adenylation, where subsequent ligation to carrier AlmF is not observed. As formation of an aminoacyl-adenylate is energetically costly, and AlmE exhibits modest activity toward D-alanine in vitro, it remains possible that AlmE can activate and transfer D-alanine to non-AlmF carrier substrates such as other carrier proteins or coenzyme A.
Overall Structure of AlmE. To better understand the features that govern substrate selectivity for glycine, we pursued the structural characterization of AlmE. No adenylation domains specific for this smallest amino acid have been deposited in the Protein Data Bank (PDB). AlmE formed narrow rod-shaped crystals with one monomer per asymmetric unit in space group P3 1 21 (Table 1) . Its structure was determined via molecular replacement to a resolution of 2.26 Å (Table 1 ). In addition to DltA enzymes, AlmE resembles the adenylation domains (A-domains) of nonribosomal peptide synthetases (NRPSs), 26 acyl-and aryl-CoA synthetases, 27, 28 and firefly luciferases; 29 it comprises a large N-terminal body (50.6 kDa, residues 1−446), a smaller C-terminal lid (12.2 kDa, residues 450−556), and a very short hinge region (residues 447−449) linking the two domains ( Figure 4A ). On the basis of the studies of several related enzymes, AlmE crystallized in the thiolation conformation in which a channel for the 4′-phosphopanthetheinyl arm of AlmF is created through a ∼140°r otation of the C-terminal lid relative to its position in the adenylation conformation. 30 Formation of the glycyl-adenylate intermediate was achieved by incubating AlmE with glycine, MgCl 2 , and ATP prior to crystallization ( Figure 4B ). No electron density is apparent for the His-tag, residues 1−14, and residues 25−29 that connect the N-terminus to the main body of the enzyme and residue 189, residues 533−536, or residues 551−556 of the C-terminus. Density for residues 15−24 is visible adjacent to the C-terminal lid of a symmetry mate, with residues 19−23 forming a short β-strand that runs antiparallel to the last β-strand (residues 523−527) of the neighboring lid.
The active site of AlmE is more similar to those of DltA enzymes (Bacillus subtilis DltA, PDB code 3E7W; Bacillus cereus DltA, PDB code 3DHV) than those of other adenylation domains whose coordinates have been deposited in the PDB code 3NYQ 34 ), and the E. coli EntB-EntE complex structure (PDB code 3RG2 35 ) as guides, the interaction between holo-AlmF and AlmE could be modeled ( Figure S12, Supporting Information) .
Residues Contacting the Glycyl Moiety. Several residues make favorable contacts general to all amino acyl groups, while others may play a greater role in enforcing glycine selectivity. The Lys452 amine forms a charged hydrogen bond with the glycyl carbonyl, while the carboxylate of Asp247 as well as the carbonyls of Gly341 and Ile347 (like Val301 of B. cereus DltA, Ile347 is in the disallowed region of the Ramachandran plot: φ,ψ = 75°,−81°) make charged interactions with the positively charged glycyl amine. The residues of AlmE nearest the C α of the glycyl-adenylate, Leu248 (3.9 Å from C δ2 ) and Cys316 (3.4 Å from S γ ), may select against amino acids larger than glycine by sterically clashing with their α-substituents, Leu248 with the side chains of D-amino acids and Cys316 with those of L-amino acids. The conformation of Leu248 is determined through interactions with the side chains of the neighboring residues Phe246, Ser242, and Leu287. Ser242 and Leu287 are substituted with Ala192 and Thr240 in B. cereus DltA; their smaller side chains position the C δ atoms of Leu198 (equivalent to Leu248 of DltA) farther from C α of the aminoacyl-adenylate than in AlmE, allowing room for the methyl group of D-alanine ( Figure S9 , Supporting Information). The helix containing Leu248 in AlmE is also straight, in contrast to the same helix in
DltA that creates space for the D-alanine methyl group through its bent geometry. 31 Structural evidence supports the hypothesis that Leu248 appears to contribute to stereoselectivity against D-amino acids, while Cys316 is positioned to sterically select against L-amino acids with large C α -substituents.
AlmE Variant Cys316Ala Can Efficiently Adenylate and Transfer L-Alanine to AlmF. By comparing the active site architecture of AlmE with that of D-alanyl carrier protein ligase DltA, we predicted how glycine is selected over other small amino acids such as L-or D-alanine. On the basis of this analysis, as well as our observation that AlmE adenylates Dalanine and ligates L-alanine onto AlmF in vitro (Figure 3) , we decided to investigate the specificity of AlmE through rational mutagenesis.
Single-residue variants of Leu248 and Cys316 were prepared with the hypothesis that less bulky side chains would relax the specificity of AlmE for D-or L-amino acids ( Figure 5A ). For example, such substitutions are present in the L-phenylalaninespecific PheA (PDB code 1AMU), L-leucine-specific SrfA-C (PDB code 2VQS), and L-valine-specific CytC1 (PDB code 3VNS) NRPS A-domains. Using site-directed mutagenesis, we prepared variants Cys316Ser, Cys316Ala, Leu248Val, and Leu248Ala and tested their specificity for glycine, D-alanine, L-alanine, L-serine, L-cysteine, and L-valine.
As expected, Leu248Val and Leu248Ala mutants did not improve AlmE specificity toward L-amino acids since Leu248 is positioned to sterically exclude side chains of D-amino acids ( Figure 5B ). However, these mutants also showed no activity toward D-alanine or glycine. This could indicate that Leu248 substitution significantly altered the geometry of the amino acid binding site, disrupting a number of the favorable binding interactions described above ( Figure S9 , Supporting Information). Our prediction that adequate space could be provided for an L-amino acid by mutating Cys316 appears valid. Replacement of the Cys316 sulfur atom with the relatively smaller oxygen atom, as in Cys316Ser, or removal of the thiol group, as in Cys316Ala, resulted in L-alanine adenylation. The Cys316Ser variant displayed reduced but modest activity for glycine and Lalanine relative to wild-type AlmE, while the Cys316Ala variant was equally able to adenylate glycine or L-alanine at levels below wild-type AlmE with glycine ( Figure 5B) . Furthermore, the AlmE Cys316Ala variant was equally able to form 3 Hglycyl-and 3 H-L-alanyl-AlmF, as determined by the destabilizing PAGE/radioisotopic assay described above ( Figure 5C ). As both Cys316Ser and Cys316Ala variants were less active for glycine adenylation than wild-type AlmE, it appears that substituting smaller side chains removes optimal packing interactions maintained between native AlmE and the C α of the glycyl group ( Figure 5A ). These results further indicate that the Cys316 thiol of wild-type AlmE sterically occludes all Lamino acids from the active site.
As the Cys316Ala mutant of AlmE was capable of adenylating and subsequently transferring glycine and L-alanine with nearly equal specificity, one could predict that L-alanylAlmF could serve as a substrate for AlmG for transfer onto lipid A. However, our MS analysis of V. cholerae lipid A expressing AlmE Cys316Ala did not show mass shifts consistent with Lalanine modification ( Figure S10, Supporting Information) . Nevertheless, this variant appears to be active, as we observed glycine-modified lipid A and restored polymyxin resistance in the polymyxin-sensitive almE mutant (Table S1 , Supporting Information). On the basis of the absence of alanine-modified lipid A in the Cys316A mutant, coupled with the fact that low levels of L-alanyl-AlmF are generated by this variant in our in vitro assays, we propose that AlmG displays strict specificity for glycyl-AlmF.
The discovery of amino acid-modified V. cholerae lipid A revealed an interesting link between Gram-negative and Grampositive cell surface modification systems, not only because the molecular pathways are remarkably similar but also because they confer a shared phenotypic outcome leading to polymyxin resistance. Here, we report the biochemical characterization of the initial steps of the AlmEFG lipid A glycylation pathway required for polymyxin resistance in El Tor biotype V. cholerae O1, the causative agent of the ongoing cholera pandemic. By destabilizing urea-PAGE and mass spectrometry, we verified that AlmF is 4′-phosphopantetheinylated at Ser34 by Vc2457, a predicted 4′-phosphopantetheinyltransferase of the AcpS superfamily. With the same techniques, we were able to show that coexpression of AlmE in this strain results in the formation of glycyl-AlmF, consistent with our hypothesis that AlmF serves as a glycyl carrier protein (Figure 1) . Furthermore, we carried out two different in vitro assays to corroborate how AlmE efficiently catalyzes the transfer of glycine to holo-AlmF. Taking into account that AlmG ultimately transfers glycine from glycylAlmF, we find that the overall pathway displays remarkable parallelism to the division of labor employed by nonribosomal peptide synthetases (Figure 1 ).
Our in vitro assays suggest that the substrate selectivity of AlmE is somewhat relaxed, adenylating D-alanine at a reduced level compared to that for glycine. In light of this finding, as well as the absence of structural data for an adenylate-forming enzyme with glycine specificity, we pursued the X-ray structure of AlmE. The enzyme crystallized in the thiolation conformation in which it is prepared to transfer a glycyl moiety to the 4′-phosphopanthetheine of holo-AlmF. Electron density for the glycyl-adenylate intermediate was observed in the N-terminal body of AlmE. Given the similarity of the active site to the D-alanine-specific enzyme DltA, it was not too surprising that AlmE showed some activity toward D-alanine in the pyrophosphate release assay ( Figure 3A and Figures S9 and S11, Supporting Information). However, we did not observe subsequent transfer of D-alanine onto AlmF ( Figure 3B ), and various attempts to substitute D-alanine for glycine in our crystallization conditions failed to produce AlmE crystals.
How D-alanine is transferred from carrier proteins to teichoic and lipoteichoic acid polymers in Gram-positive cell walls remains unknown but involves proteins DltB and DltD. 36 Similarly, characterization of AlmG (∼30 kDa, membraneassociated, homologous to lysophospholipid acyltransferases, and lipid A lauroyl/myristoyl acyltransferases) will be necessary to clarify its role in the AlmEFG pathway. 9 The entire almEFG operon is conserved in the emerging marine pathogen Vibrio nigripulchritudo, although further study is required to verify whether this system can modify lipid A in this organism. 37 Glycine residues have been observed on the core-oligosaccharide of LPS in Campylobacter jejuni, Haemophilus inf luenzae, and Shigella f lexneri. 38−40 It remains possible that these and other bacteria employ machinery similar to AlmEFG to decorate the carbohydrate and antigenic portion of LPS, not just the endotoxin portion of LPS as observed in V. cholerae.
Cationic antimicrobial peptides (CAMPs) are a therapy of last resort in the treatment of many bacterial infections. This report characterizes initial steps of a unique LPS modification strategy, employed by and necessary for CAMP resistance in Vibrio cholerae. As the AlmEFG system resembles Grampositive cell-surface remodeling mechanisms, this study reveals how distantly related bacteria have evolved similar modes of antibiotic resistance: chemical modification of conserved surface features. Recent reports suggest AlmEFG is important for host colonization by current pandemic V. cholerae El Tor. Because of the fitness advantage contributed by AlmEFG, as well as the nonfunctional operon encoded by previous pandemic classical V. cholerae, AlmEFG likely contributed to the emergence of El Tor as the current pandemic strain. As the role of glycine-modified LPS in host−pathogen dynamics and cholera disease progression becomes clearer, our structural evaluation of AlmE may provide the basis for rationally designed inhibitors of AlmE as a cholera therapeutic. Altogether, the structural and functional characterization of V. cholerae AlmE and AlmF presented here brings us closer to a comprehensive understanding of bacterial cell wall modification systems.
■ METHODS Bacterial Growth. Bacterial strains, plasmids, and oligonucleotides used in this study are listed in Tables S2 and S3 (Supporting Information). V. cholerae and E. coli were routinely grown at 37°C on LB or LB agar unless otherwise indicated; 50 μg/mL kanamycin, 100 μg/mL ampicillin, and 10 μg/mL streptomycin were used as appropriate.
Recombinant DNA Techniques. Plasmids (Table S2 , Supporting Information) were isolated using the QIAprep Spin Miniprep Kit (Qiagen). Custom primers were obtained from Integrated DNA Technologies (Table S3 , Supporting Information). PCR reagents were purchased from Takara, New England Biolabs, or Stratagene, and PCR products were isolated using a QIAquick PCR Purification Kit (Qiagen). DNA fragments were isolated from 0.7% agarose gels using the QIAquick Gel Extraction Kit (Qiagen). All other DNA-modifying enzymes were purchased from New England Biolabs and used according to the manufacturer's protocols. When necessary, purity and yield of extracted DNA were monitored using a NanoDrop instrument (GE Healthcare). To create pQlink plasmids used for the coexpression of multiple genes, reagents purchased from Invitrogen were used for ligation-independent cloning (LIC) and as previously described. 41 All plasmids constructed in this study were transformed into a chemically competent E. coli XL-1 Blue storage strain before transformation into the strain used in experiments (Table S2 , Supporting Information). Plasmid promoter and gene-insert sequences were verified by DNA sequencing at the ICMB Core Facility at the University of Texas at Austin.
Cloning, Expression, and Purification of N-Terminal His 6 -AlmF or Coexpression Constructs. Gene almF was PCR-amplified from El Tor biotype V. cholerae O1 strain N16961 genomic DNA (gDNA). BamHI or HindIII restriction sites were engineered to flank the resultant PCR product using primers FpQlinkHVc1578 and RpQlinkHVc1578 (Table S3 , Supporting Information). Both plasmid pQlinkH 41 and the PCR-amplified almF insert were restrictiondigested, and plasmid DNA was treated with Antarctic phosphatase before ligation reactions were used to produce pQlinkHVc1578. The same cloning strategy was used to obtain pQlinkNVc0780, pQlinkNVc2457, and pQlinkNVc1579, where each gene was amplified using the corresponding primers by PCR with V. cholerae N16961 gDNA template (Table S3 , Supporting Information). Coexpression constructs pQVc1578-Vc0780, pQVc1578-Vc2457, and pQVc1578-Vc2457-Vc1579 (Table S2 , Supporting Information) were created using the standardized protocol as previously described.
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Escherichia coli BL21(DE3)pLysS cells containing the appropriate expression plasmid were grown in LB (1.5 L, 37°C, 180 rpm shaking). Upon reaching an OD 600 of ∼0.6, cultures were briefly chilled on ice to ∼18°C, and expression was induced by the addition of a sterile isopropyl β-D-1-thiogalactopyranoside (IPTG) solution (100 mM) to a final concentration of 1 mM. After 20 h (18°C, 180 rpm), cells were pelleted, resuspended in ice-cold buffer A (500 mM NaCl, 50 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) at pH 7.5, 10% (v/v) glycerol, 40 mM imidazole, and 1 mM dithiothreitol (DTT)) supplemented with 10 μM phenylmethylsulfonyl fluoride (PMSF), and lysed via French press (20k psi). Lysate was clarified by centrifugation (4°C, 20kg, 30 min), and the soluble portion was syringe-filtered (0.4 μm) before injection over an AKTA-compatible Ni-sepharose HiTrap FF column (GE Healthcare) pre-equilibrated with buffer A. The column was washed with buffer A (10 column volumes) before gradient elution over 30 column volumes to 100% buffer B (500 mM NaCl, 50 mM HEPES at pH 7.5, 10% (v/v) glycerol, 400 mM imidazole, and 1 mM DTT). One-milliliter fractions were collected where the peak Abs 260 fraction typically eluted between ∼130−210 mM imidazole. Corresponding fractions with >80% AlmF, as determined by SDS−PAGE analysis (AlmF MW 8.9 kDa), were pooled and concentrated via filter centrifugation (Amicon Ultra, 3 kDa cutoff). To further purify AlmF, size-exclusion chromatography was performed using a Superdex S75 column (GE Healthcare) equilibrated with 1:5 dilution of buffer A (no imidazole). Concentrated Nisepharose-purified AlmF was diluted 1:5 in water before addition to the S75 column. Peak fractions were analyzed by SDS−PAGE, and fractions containing >95% AlmF were pooled and concentrated via filter centrifugation (Amicon Ultra, 3 kDa cutoff).
Destabilizing Urea-PAGE of Purified AlmF Samples. Urea-PAGE gels were manually cast using a mini-PROTEAN casting stand and frame (BioRad). Separating gel consisted of 13% polyacrylamide UVPD-MS Analysis of Tryptic Digested AlmF Samples. ApoAlmF, holo-AlmF (AlmF + Vc2457), and glycyl-AlmF (AlmF + Vc2457 + AlmE) samples were buffer-exchanged three times into 100 mM ammonium bicarbonate using 3 kDa molecular weight cutoff filters. Samples were then digested with trypsin (1:50 enzyme-tosubstrate ratio) overnight and desalted. Peptides were evaporated to dryness and reconstituted in LC solvent A (98/2/0.1, water/ acetonitrile/formic acid). For LC profiling, peptides were separated on a Dionex RSLCnano (ThermoDionex) using a gradient of 0−15% solvent B (100/0.1, acetonitrile/formic acid) over the course of 30 min and then up to 70% solvent B over 15 min. Flow rate was set to 750 nL/min through a 150 × 0.075 mm C18 analytical column packed inhouse. The three most abundant multiply charged ions were selected for fragmentation using collision-induced dissociation (NCE 35) and subsequent detection in a Velos Pro dual linear ion trap mass spectrometer (ThermoFisher). Ultraviolet photodissociation spectra of the same peptides were acquired on an Orbitrap Elite mass spectrometer (ThermoFisher) after elution using the same gradient described previously on an Eksigent NanoLC Ultra (Eksigent) at a flow rate of 300 nL/min. UVPD was performed using 3 pulses of a 193 nm excimer laser (Coherent Excister XS) (at 3 mJ per pulse). The Orbitrap Elite mass spectrometer was modified and adapted for UVPD as described previously. 42 All spectra were manually interpreted. Cloning, Expression, and Purification of N-Terminal His 6 -AlmE or C316 and L248 Single Amino Acid Variants. The almE gene was PCR-amplified from pVc1579 9 with primers F-and R-AlmE (Table S2 , Supporting Information), cleaved with NheI and EcoRI, and ligated into pET28b (Novagen) to yield pETAlmE. C316S and L248V mutants were prepared by carrying out site-directed mutagenesis on pETAlmE (Table S2 , Supporting Information) with the associated primers (Table S3 , Supporting Information). C316S and L248V were further mutated to generate C316A and L248A with the associated primers (Tables S2 and S3 , Supporting Information).
Escherichia coli BL21(DE3) cells containing the appropriate expression plasmid were grown in LB (1 L) with 50 mg/L kanamycin at 37°C (180 rpm shaking). Upon reaching an OD 600 of ∼0.5, cultures were briefly chilled on ice to ∼18°C, and expression was induced by the addition of a sterile IPTG solution (100 mM) to a final concentration of 1 mM. After 18 h (18°C, 180 rpm), cells were pelleted, resuspended in ice-cold buffer A (500 mM NaCl, 50 mM HEPES at pH 7.5, 10% (v/v) glycerol, and 40 mM imidazole) supplemented with 10 μM PMSF, and lysed via French press (20k psi). Lysate was clarified by centrifugation (4°C, 20kg, 30 min) , and the soluble portion was syringe-filtered (0.4 μm) before injection over an AKTA-compatible Ni-sepharose column (GE Healthcare) preequilibrated with buffer A (no PMSF). The column was washed with buffer A (10 column volumes), before gradient elution over 30 column volumes to 100% buffer B (500 mM NaCl, 50 mM HEPES pH 7.5, 10% (v/v) glycerol, and 400 mM imidazole). One-milliliter fractions were collected where the peak Abs 260 fraction typically eluted between ∼150−200 mM imidazole. Corresponding fractions with >95% AlmE, as determined by SDS−PAGE analysis (AlmE MW 63 kDa), were pooled and concentrated via filter centrifugation (Amicon Ultra, 3 kDa cutoff). For crystallization studies, Ni-sepharose-purified AlmE was further purified on a Superdex 200 gel filtration column (GE Healthcare) equilibrated with 150 mM NaCl, 10 mM HEPES at pH 7.5, and 10% (v/v) glycerol.
In vitro AlmE Assays. Glycine-containing AlmE/pyrophosphatasecoupled assay conditions are as follows: HEPES (50 mM, pH 7.5), KCl (100 mM), MgCl 2 (10 mM), ATP (1 mM), glycine (1 mM), yeast inorganic pyrophosphatase (Sigma, 0.5 U), purified holo-AlmF (8 μM), DTT (100 μM), and purified AlmE (800 nM) incubated at 25°C for 2.5 or 3 h as indicated in the Results and Discussion section and/or figure legends. Percent activity corresponds to the percent conversion of [ATP] during AlmE catalyzed aminoacyl-AMP formation, where detected [phosphate]/2 equals [ATP] consumed. AlmF 3 H-aminoacylation assays with AlmE were performed under identical reaction conditions as described above with omission of DTT and pyrophosphatase, inclusion of 0.3 μCi 3 H-amino acid, and were incubated for 18 h at 18°C. AlmF in assay mixtures was concentrated by trichloroacetic acid (TCA) precipitation and resolved by SDS− PAGE. Resolved protein was transferred to a nitrocellulose membrane, which was exposed to a 3 H-sensitive screen for 5 days. Crystallization of AlmE. Protein was concentrated to 10 mg mL −1 in 10% (v/v) glycerol, 25 mM NaCl, and 10 mM HEPES at pH 7.5 and incubated with 10 mM glycine, 10 mM ATP, and 1 mM MgCl 2 for 10 min before preparing crystal trays. Narrow rod-shaped crystals grew in 50 mM MgCl 2 and 100 mM HEPES at pH 7.0 by sitting-drop vapor diffusion at 22°C. Prior to flash freezing in liquid nitrogen, crystals were soaked for 10 min in cryosolution consisting of 20% (v/v) glycerol, 50 mM MgCl 2 , and 100 mM HEPES at pH 7.0. While crystals also grew in the absence of glycine and ATP, their quality and size were significantly diminished.
X-ray Data Collection, Processing, Phasing, and Refinement. Data were collected at 100 K at Advanced Photon Source Beamline 23-ID-D and processed in HKL2000 43 (Table 1) . One crystal diffracted to 2.26 Å. Molecular replacement (MR) computations were performed in Phaser 44 with the N-terminal body of one monomer of PheA (PDB code 1AMU, residues 17−428) as a search model. 26 One AlmE monomer was found per asymmetric unit in space group P3 1 21. This solution was submitted to the ARP/wARP server for automated refinement 45 before iterative refinement was carried out in phenix.refine of the PHENIX software suite, 46 REFMAC5 of CCP4, 44 and Coot. 47 The structure factor amplitudes and atomic coordinates of AlmE were deposited in the RCSB Protein Data Bank under PDB code 4OXI.
Polymyxin B and Polymyxin E Minimum Inhibitory Concentration Assay. V. cholerae strains were grown overnight in LB media and then diluted 1:100 in fresh LB (1 mM IPTG, 100 μg/ mL). Cells were grown to an OD 600 of ∼0.6, diluted 1:100, and then applied to LB agar with a sterile cotton tip applicator. Quantitative minimum inhibitory concentration (MIC) values were determined using Etest gradient polymyxin strips (AB Biodisk) after 24 h, using the manufacturer's guidelines.
Matrix-Assisted Laser Desorption Ionization−Time-of-flight (MALDI-TOF) MS of Lipid A. Lipid A was extracted, purified, and analyzed by MS as previously described. 9, 11 
